Previous work has shown that the mRNA encoding the vesicular stomatitis virus (VSV) glycoprotein (G) is bound to the rough endoplasmic reticulum (RER) and that newly made G protein is localized to the RER. In this paper, we have investigated the topology and processing of the newly synthesized G protein in microsomal vesicles. G was labeled with [~S]methionine ([mS]met), either by pulse-labeling infected cells or by allowing membrane-bound polysomes containing nascent G polypeptides to complete G synthesis in vitro. In either case, digestion of microsomal vesicles with any of several proteases removes -5% (30 amino acids) from each G molecule. These proteases will digest the entire G protein if detergents are present during digestion. Using the method of Dintzis (1961, Proc. Natl. Acad. Sci. U. S. A. ,17:247-261) to order tryptic peptides (8), we show that peptides lost from G protein by protease treatment of closed vesicles are derived from the carboxyterminus of the molecule.
. Little is known of the site of synthesis of these surface glycoproteins, of the origin of transmembrane asymmetry, or of the events that intervene between synthesis and deposition of the protein on the plasma membrane.
The glycoprotein (G) of VSV is a good model to study these processes. It is synthesized on membrane-bound polysomes (2, 12, 30, 47) . Glycosylation occurs on the nascent chain during insertion of the protein into the rough endoplasmic reticulum (RER) (36) . G is then transported from the RER to the smooth membrane fractions where glycosylation is completed and from there to the cell surface of the host cell, from which the virus buds (14, 16, 22, 25, 34, 49) . The G protein then comprises the external spikes of the virion (28) . As VSV encodes only five proteins, all of which are found in virions, it must be dependent on cellular components for synthesis, processing, and transport functions. Thus, its biogenesis is likely to be representative of a large class of cell surface glycoproteins.
It has been suggested (1, 35, 37 ) that transmembrane proteins, like secretory proteins, are directed to microsomal membranes early in their synthesis by signals located at their amino-termini. These signals are envisioned to participate in organizing functional membrane-ribosome junctions through which the protein, in the process of integration or secretion into the cisternal lumen, passes amino-terminus first. The signal peptide is then cleaved (1) . The topology and processing of the VSV glycoprotein in microsomes is shown to be consistent with this hypothesis.
Isolated microsomes from VSV-infected cells, containing nascent G polypeptides, will complete synthesis of G in cell-free extracts (11, 47) . Combining information from this system with experiments in intact cells, we show that immediately after its synthesis, G spans the ER bilayer asymmetrically. Approximately 30 amino residues at the carboxyterminus of the protein remain exposed on the cytoplasmic face of the ER vesicles; the remainder of the polypepfide, including some carbohydrate residues, is localized in the lumen of the ER or embedded in the lipid bilayer. During or soon after translation, a portion of the polypeptide backbone of G is cleaved.
MATERIALS AND METHODS

Materials
Trypsin-TPCK, a-chymotrypsin, and bovine pancreatic protease were purchased from Worthington Biochemicals (Freehold, N. J.). Papain, thermolysin, ,soybean trypsin inhibitor, emetine-HCl, actinomycin D, and Triton X-100 were obtained from Sigma Chemical Co. (St. Louis, Mo.). Sodium deoxycholate (DOC) was a Fisher Scientific product (Pittsburgh, Pa.). Jack bean amannosidase was purchased from Boehringer-Mannheim (Indianapolis, Ind.). Endo-fl-N-acetyl-glycosaminidase H (hereafter referred to as Endo H) was the kind gift of Dr. P. W. Robbins (Massachusetts Institute of Technology). This enzyme was purified to homogeneity according to the procedure of Tarentino and Maley (45) and had asp act of 25 U/mg. 
Virus and Cells
Standard B particles of VSV (Indiana Serotype) were grown in Chinese hamster ovary (CLIO) cells and were purified as previously described (22) . CHO cells were grown in suspension culture at 12--40 x I0 9 cells/ml in Joklik's modified minimal essential medium (MEM) supplemented with 7% fetal calf serum (FCS) and 1% nonessential amino acids. A monolayer line of CHO and a ricin-resistant clone, 15B, derived from this line were the kind gift of Dr. S. Kornfeld. They were maintained as monolayers in MEM/10% FCS from Grand Island Biological Co. (Grand Island, N. Y.).
Preparation of Microsomes for In Vitro Protein Synthesis
CliO suspenfion cells (107 cells/ml MEM) were infected with VSV (3 plaque-forming units/cell) in the presence of actinomycin D (5 /~g/ml), supplemented with 2 vol of MEM at 30 min, and harvested at 4 h postinfection. The cells were swelled in a hypotonic buffer (0.025 M HEPES, pH 7.4; 0.05 M KCI; 0.002 M MgAc~) for 20 min on ice, then broken by 40 strokes of a tight-fitting Dounce homogenizer (Kontes Co., Vineland, N. J.). Nuclei were removed by low-speed centrifugation (1,000 g for 5 min). The postnuclear supernate was centrifuged at 20,000 g for 30 min, and the microsomal pellet resuspended in buffer II (50 mM KCI; 50 mM Tris-HCl, pH 7.6; 5 mM MgCI2) for further analysis.
Cell-Free Protein Synthesis
The mierosomal fraction from 4 x 10 r unlabeled suspension CHO cells was resuspended in 250 /LI of buffer II and incubated for 30 min at 37~ with 250 t~l of a high-speed supernatant fraction (S100) from uninfected cells and 125 /zl of a protein synthesis mix containing [aS]met (sp act, 100 Ci/mmol, New England Nuclear), as previously described (50) .
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Preparation of Labeled Microsomes
Cells were infected with VSV and incubated as above. At 4 h postinfection, cells were harvested, resuspended in MEM supplemented with 1% dialyzed calf serum but lacking methionine at 107 celis/ml, and labeled for 10 min with [aS]met (sp act, 100 Ci/mmol, New England Nuclear) at 24/zCi/ml. Cells were then harvested, lysed, and a 20,000 g pellet was prepared as above. The microsomal fraction from 2,5 x 107 cells was resuspended in 1 ml of buffer II.
Digestion of G with Endo H
G protein and its protease-resistant derivative (see Fig. 1 ) were prepared from microsomes labeled with [aS]met both in vivo and in vitro. In addition, proteins were synthesized in a cell-free protein synthesis reaction including VSV mRNA, wheat germ extract, and protein synthesis components as previously described (19) to generate the tmglycosylated form of G protein, Go. 25-/zl aliquots from the wheat germ reaction, and 20-/zl aliquots from all other reactions, were used for Endo H analysis.
All aliquots were precipitated with 0.1 vol of 50% (wt/vol) trichloracetic acid and resuspended in 100 p,l of 0.1 M Tris-HCl at pH 8.0 containing 1% (wt/vol) sodium dodecyi sulfate (SDS) and 1% (vol/voi) 2-mercaptoethanol. After boiling for 2 rain, 30 /zl of 0.1 M Tris-HCl, pH 8.0, containing 1 M iodoacetamide was added and the samples were kept at room temperature for 30 min. The reduced and alkylated proteins were again precipitated by adding 0.I vol of 50% (wt/vol) trichloroacetic acid. Pellets were air-dried and dissolved in 40 /~1 of 0.3 M sodium citrate (adjusted to pH 6.0 with acetic acid) containing 0.09% (wt/vol) SDS (reerystallized). Each sample was divided into two portions containing 20 /~1 each. To one portion, 1 /xl of 0.1 M KH2PO4 was added. To the remaining portion, 1 tzl of Endo H (7.4 x 10 -4 U) in 0.1 M KH2PO4 was added. Incubation was allowed to proceed for 2.5 h at 37~ a-Mannosidase Digestion of G G protein and its protease-resistant derivative were prepared from microsomes labeled with [aS]met both in vivo and in vitro and from a wheat germ cell-free protein synthesis reaction as in preparation for Endo H digestion. 25-/zi allquots of the daicrosomal in vitro synthesis products, and 25-/zl aliquots of all other samples, were used in these digestions. 5 /zl per sample of a-mannosidase in ammonium sulfate suspension was spun for 2 s at 20,000g in an Eppendorf Tabletop Centrifuge 3200 and resuspended in 50/zl/sample 1-120.50/zl of a-mannosidase was added to each sample which was then supplemented to a total volume of 200/zl with 0.1 M sodium citrate buffer (adjusted to pH 4.5 with NaOH). Samples were incubated at room temperature overnight. Aliquots of this reaction were diluted with 1 vol buffer II and treated with protease and/or detergent, as indicated, for 30 min at 37"C. All reactions were subsequently incubated with soybean trypsin inhibitor at 100 tLg/ml for an additional 15 min at 37"C, diluted with SDS sample buffer, and analyzed on 10% SDS polyacrylamide gels. Additions: (a) 1% DOC; (b) 1% DOC + trypsin-TPCK (100 t~g/rnl); (c) trypsin-TPCK (100 /zg/ml) + soybean trypsin inhibitor (100 tzg/ml); (d) trypsin-TPCK ( 100/zg/ml). Lanes e--j: Microsomes from cells which had been labeled with [aS]met for 10 rain were prepared. The microsomal fraction from 2.5 x 10 r ceils was resuspended in 1 ml of buffer II, and aliquots were incubated with protease and/or detergents, as indicated, for 30 min at 37~ Samples were subsequently incubated with soybean trypsin inhibitor and analyzed on gels as above. Additions: (e) H~O; (f) 1% DOC + soybean trypsin inhibitor (100 /zg/ml); (g) trypsin-TPCK (100 ~g/ml) + soybean trypsin inhibitor (100 /zedml); (h) trypsin-TPCK (100 ~edml) + 1% DOC; (i) trypsin-TPCK (100 t~g/ml); (j) marker from VSV-infected cells. Shown in an autoradiograph of the dried gel.
then labeled with 83 ~tCi/ml [=S]rnet (sp act, 440 Ci/ mmol, AmershamtSearle Corp.). 1-ml aliquots were removed at 30 s, 1 rain, 2 mill, 3 rain, 15 rain, and 60 min and pipetted immediately into a 10-fold excess of ice-cold Earle's containing 200 ttg/ml emetine and were left on ice. When all aliquots had been collected, the cells were harvested, dissolved in 2 x SDS sample buffer, and analyzed on a total of three preparative SDS polyaerylamide slab gels. The G band was located by autoradiography, excised, and digested/n situ with trypsin (30) . The peptides were analyzed by high-voltage paper electrophoresis at pH 3.5 (23) .
SDS-Polyacrylamide Gel Electrophoresis of Proteins
Labeled viral proteins were subjected to eleetrophorests in 10% polyaerylamide slab gels by the method of Laemmli (24) . Cells were stained, fixed, dried, and exposed as previously described (21) .
RESULTS
G Synthesis In Vitro by Microsomal Membranes
Microsomal membranes containing membranebound polyribosomes were isolated from CHO cells 4 h after infection by VSV, at the time of peak virus protein synthesis. When supplemented with a ribosome-free high-speed supernate fraction (S100) from uninfected cells, these will direct synthesis, in vitro, of VSV, G, N, NS, and M polypeptides (Fig. lc) . In this system, ~80% of the incorporation of IreS]met into polypeptides is completed within 10 min (data not shown).
Tryptic peptide analysis of the in vitro G protein ( Fig. 2) demonstrates that most of the major peptides present in the cytoplasmic G protein are also present in the in vitro product. The fastest migrating peptide (57.5 cm), however, is absent.
As will be shown later, (Fig. 6 ), this peptide is located closer to the amino-terminus than is any other lasS]met-containing peptide in G1. The absence of radioactivity in this peptide is presumably due to the fact that no re-initiation of new chains occurs in this system. This peptide, near the NH~-terminus, is present in virion G protein (not shown), in the cellular G1 form of the protein (Fig. 5) , and in the Go or G1 protein synthesized in wheat germ lysates in the presence or absence of pancreatic membranes (19) . Thus, it cannot he part of any "signal" sequence removed during processing of G. The G protein synthesized in this system is glycosylated. It co-migrates ( Fig. 1 ) with the partially glycosylated (G1) form of the G which is the only radioactive form of G found in the infected cell after a brief period of labeling with [asS]met; this form migrates on SDS-polyacrylamide gels more slowly than the unglycosylated form of G (Go) which is produced by translation of G mRNA in a wheat germ cell-free system (22) . Moreover, it is a substrate for both Endo H and a-mannosidase. Endo H cleaves between the two glcNAc residues of the proximal chitobiose unit in serumtype glycoproteins (45) . When G, synthesized in vitro by microsomes ( Fig. 3 a and b ), or isolated with microsomes derived from cells pulse-labeled for 10 min with [aSS]met in vivo ( Fig. 3g andh) is treated with Endo H, it migrates faster on gels. However, the enzyme has no effect on Go ( Fig. 3 e and f), supporting the conclusion that the change in the rate of migration is due to removal of carbohydrate residues and not to extraneous protease activity. Similarly, treatment with a-mannosidase, a glycosidase which digests a-linked mannose residues from the nonreducing termini of carbohydrate chains, also causes an increase in the rate of migration of the G1 form (Fig. 4a, b , e, and f) but has no effect on Go ( Fig. 4c and d) .
We conclude that partial glycosylation of G occurs in the rough microsomal fraction concomitant with or immediately after synthesis of G. The carbohydrate side chains are mannose-terminal at this stage. Because in these experiments we can study only the completed G protein, we cannot determine whether glycosylation occurred on the KArZ ANt) IX)DISH Biogenesis of the Vesicular Stomatitis Virus Glycoprotein 419 I~OURE 3 Endo H digestions of G protein and its proteolytic derivative.
[~S]met-labeled proteins derived from the indicated sources, after reduction plus alkylation, were incubated in the presence (+) or absence ( -) of Endo H. Lanes a and b: proteins synthesized in vitro by microsomes isolated from VSV-infected CHO cells. Lanes c and d: products of trypsin digestion of these microsomal membranes labeled in vitro. Lanes e and f: products of cell-free protein synthesis by VSV mRNA in a wheat germ extract supplemented with a protein synthesis mix as previously described (19) . Lanes g and h: proteins associated with microsomes derived from VSV-infected CHO cells pulse-labeled for 10 min with [~S]met in vivo. Lanes i and/': products of trypsin digestion of these microsomal membranes labeled in vivo. Shown is an autoradiograph of the driedgel, 2-wk exposure.
nascent G polypeptide before disruption of the cells.
Association of G Protein with Membrane Vesicles
Subcellular fractionation studies have shown that all cellular forms of G protein are found associated with membranes (15, 22) . To probe the nature of this association, membrane vesicles which had synthesized G protein in vitro were treated with trypsin. In parallel, microsomes from infected cells pulse-labeled with [aSS]met were also subjected to protease digestion. It was reasoned that proteins adhering exclusively to the exterior (cytoplasmic face) of these vesicles should be digested by externally added protease, while those proteins inserted in or through the lipid bilayer should be wholly or partially protected from digestion (3, 41) .
Trypsin digestion of microsomal membranes labeled either in vitro (Fig. 1, lane d ) or in vivo (lane i) results in the disappearance of radioactive G1 protein and the appearance of a new polypeptide which migrates slightly faster. Peptide mapping studies (see below) establish that this is indeed a fragment of G. Quantitation of scans of autoradiographs from nine independent in vitro experiments has shown that, on the average, 66.6% of the radioactivity present in Gi before digestion is preserved in the protected, but partially cleaved, form of the G. Neither the size nor the amount of this fragment is changed if from 5 to 100/zg/ml trypsin is utilized over a time-course of 60 min. Thus, this is a limit digestion product (data not shown).
The generation of this protease-resistant G fragment (henceforth referred to as G~) is not peculiar to trypsin and is a result of the inaccessibility of trypsin-sensitive sites in the native conformation of the molecule. A similar polypeptide band is observed after treatment of vesicles with any of several proteases of various specificities: chymotrypsin, thermolysin, or papain (data not shown). Thus, only a very limited number of sites in G are accessible to protease acting from the cytoplasmic 420 THE JOURNAL OF CELL BIOLOGY" VOLUME 80, 1979 side of the membrane. From migration on polyacrylamide gels, we estimate that a minimum of 3,000 daltons of G is digested to form the derivative, or -5% of each molecule is exposed on the exterior of the vesicle. This corresponds to ~30 amino acid residues. That Gi retains at least some of its carbohydrate residues is indicated by its susceptibility to Endo H (Fig. 3c,d,i, and j) .
This fragment of G is specifically protected by the membrane permeability barrier. When either DOC or Triton X-100, at concentrations sufficient to disrupt the membrane, was added together with trypsin, G protein was completely digested and G~ was no longer observed ( Fig. 3 b and h and Fig. 5a and b) . Triton X-100 is a nondenaturing detergent which disrupts membranes by displacing native lipid molecules from hydrophobic-binding sites which exist on membrane proteins in the native conformation (I3, 48). It is unlikely, therefore, that the increased susceptibility of G to protease in the presence of this detergent can be accounted for by conformational alteration of the G molecule. Rather, it is more likely that the membrane is sequestering a large portion of each molecule.
This conclusion is supported by experiments in which microsomes isolated from infected cells pulse-labeled with [~S]met in vivo were treated with protease during and after sonication. In this case, no conformational alteration of the G protein is expected, but sonication should disrupt the integrity of the vesicles, exposing their lumenal space to protease. All G molecules are completely digested by this treatment (data not shown).
That additional G polypeptide becomes acces-
Ft~trv.E 5 Tryptic digests of [=SS]met-labeled G and its protease-resistant fragment. Tryptie peptides of G protein (A) and its protease-resistant derivative (B) found associated with microsomal membranes derived from labeled, infected CHO cells were prepared and paper iontophoresis at pH 3.5 performed, as previously described (23) . Mierodensitometer tracings were made from autoradiographs of the electrophoretograms. Arrows indicate peptides present in G but absent in the protease-resistant derivative.
sible upon disruption of the integrity of the vesicles also indicates that the polypeptide is unlikely to be wholly sequestered within the bilayer itself. Instead, we find these observations to be consistent with a model of a transmembrane configuration for the G protein in these microsomal membranes.
Tryptic Peptide Analysis of G'~
To establish that G~ is in fact a derivative of the G protein, an analysis of [~S]met-containing tryptic peptides was undertaken. Fig. 5 shows a comparison of the tryptic peptides of G protein synthesized in vivo (A) with those of its putative membrane-sequestered derivative (B). All peptides are in common with the exception of three, indicated by arrows, which are present only in undigested G. The peptides at 4 and 18 cm are found in G protein isolated from whole virions and consequently are authentic G peptides and are not derived from a co-migrating contaminant protein (data not shown). The peptide at 6.5 cm was not present in sufficient yield for unambiguous identification in virions and will consequently be disregarded in the following discussion. We conclude that G[ is indeed a derivative of G. The two peptides absent in the derivative are presumed to be exposed on the exterior of the vesicles and hence to be susceptible to trypsin, while the remaining peptides belong to that portion of the protein embedded in the bilayer and are thereby protected.
Orientation of the G in Microsomal Membranes
To determine the orientation of the G protein in microsomal membranes, the relative NH2 --* COOH order of the [~S]met-containing tryptic peptides of G was established. We employed a technique developed by Dintzis (8) in which cells are given a pulse of radioactive amino acids for periods much less than is required for ribosomes to synthesize a particular protein. Completed, released protein chains are isolated and analyzed by peptide mapping. The first chains to be completed will contain radioactivity only in those peptides closest to the COOH-terminus of the protein; the last to be labeled in completed chains will be those closest to the NH2-terminus.
Cells at 4 h postinfection were placed at 23~ to slow the rate of protein synthesis, and then labeled with [~S]met for various times (Fig. 6) . electrophoresis, and tryptic maps were prepared from them.
[aSS]met is first found in two peptides (arrowed, at 5 and 18 cm). These are precisely the same two peptides that are lost when microsomal vesicles containing G are digested with protease (Fig. 5) . We conclude that the peptides exposed on the external face of the vesicles, corresponding to the cytoplasmic face of the ER, are in the carboxyterminal 5 % of the molecule.
The last peptide to receive radioactivity (48 cm) is presumably located closest to the amino-terminus of G. This assignment is consistent with the observation that when G protein, labeled with [~S]met in vitro on isolated microsomes, is analyzed, this peptide is absent (Fig. 2) . Because these polysomes have initiated protein synthesis in the whole cell, the more amino-terminal peptides will not receive label in such an in vitro incorporation which does not reinitiate new chains. The short time-course of radioactive incorporation consistently observed in these in vitro reactions supports the notion that no reinitiation is taking place.
Endo H Analysis of G Synthesized in Monolayer CHO Lines
It was of interest to determine whether the polypeptide backbone of the G protein, at any time during its intracellular migration, undergoes proteolytic processing, particularly NH2-terminal cleavage analogous to the signal peptide cleavage of secretory proteins (1) . When G protein is inserted into membranes, it is simultaneously glycosylated (36) , and the anomalously high molecular weight of the G1 form which results from its carbohydrate constituents could easily obscure any proteolytic processing of the amino acid backbone. Therefore, we were interested in eliminating most of the carbohydrate moieties of the intracellular G forms so that the resultant peptides could be compared directly with the unglycosylated form of G, Go, presumed to represent the complete polypeptide product of the G mRNA.
Endo H will readily hydrolyze carbohydrate units of the form Asn-(GlcNAc)~-(Man)>3 but will not cleave complex oligosaccharides, i.e., carbohydrate chains possessing terminal sugars attached to the chitobiose-mannose "core." Consequently, the intracellular forms of the G found at late stages of radioactive chase are not substrates for Endo H.
15B is a ricin-resistant clone of a monolayer line of CHO cells. It lacks UDP-GIcNAc: glycoprotein N-acetylglycosaminyltransferase activity which results in the synthesis of membrane oligosaccharides which are deficient in sialic acid, galactose, and N-acetylglucosamine (10) . When VSV is grown in these cells, transport of G to the surface occurs in a normal manner, and G is incorporated into virions (38) . However, as a result of its altered carbohydrate structure, G remains susceptible to Endo H digestion throughout its residency in the cell. 15B and its parent CHO monolayer line (CHO m) were grown to confluence in T-75 flasks. At 4 h postinfection, samples of each cell line were pulse-labeled with [~S]met for 7 min or pulse-labeled for 7 rain and chased for 45 rain in cold medium. The products of these incubations were then analyzed by Endo "l'ue JOURNAL OF CELL BIOLOGY" VOLUraE 80, 1979 H digestion. At 45 min of chase, the CHO m line produces a G molecule resistant to Endo H but with the approximate electrophoretic mobility of G1 ( Fig. 7a and b) . The 15B line produces a G with a mobility somewhat faster than G1 (lane c). This has been characterized by Tabas et al. (44) and represents molecules with oligosaceharide structures Asn-(GlcNAc)2-(Man)~, as compared to the "high mannose" G~ structure AsnGlcNAc)~-(Man)10. These molecules are, however, susceptible to Endo H (lane d) and upon digestion yield a form with a mobility slightly Fmu~ 7 Endo H digestion of G synthesized in 15B and its parent CHO monolayer line. Clone 15B and CHO ~ were grown to confluence in T-75 flasks in MEM/10% FCS. Each flask was assumed to contain 3 x 107 cells. VSV was added at m.o.i. = 6 with 5/xg of actinomycin in 5 mi of MEM/5 % FCS, and cells were incubated for 45 rain at 37"C. Then 15 ml of AMEM/ 5 % FCS was added and incubation was continued to 4 h. At 4 h postinfection, cells were washed two times with phosphate-buffered saline (PBS) and pulse-labeled with 100 p.Ci [aS]met (700 Ci/mmole, Amersham/Searle Corp.) for 7 min, at which time the medium was poured off, and cells were washed two times with PBS and trypsinized off of plates by exposure to 0.25 % trypsin for 2-5 rain. MEM/FCS was added to stop trypsinization, and cells were harvested and resuspended in 1 ml of buffer II. Cells to be chased were labeled for 7 rain as described above, washed two times with PBS, and incubated for 45 min in complete medium at 37"C. These were subsequently trypsinized, harvested, and resuspended as described above. 25/~l of pulse samples and 30 ttl of chase samples were used for Endo H analysis. CHOm pulse (lanes h and i) and chase (lanes a and b). 15B pulse (lanes f, g, and l) and chase (lanes c and d). Lanes e and] are Go markers, lane k contains G1 synthesized in CHO suspension culture during a 10-min pulse label with [aS]met as described above. Samples were incubated in the presence (+) or absence ( -) of Endo H (see Materials and Methods). greater than that of Go (Fig. 7d and e) . After a 7-rain pulse, both lines produce G molecules which have identical electrophoretic mobilities (lanes g and h) and yield identical Endo H products (lanes f a n d i) which migrate, like the 15B chase product, faster than Go. At times down to a 2-min pulse, this is the only Endo H product observed (data not shown).
These observations suggest that the unglycosylated polypeptide (Go) produced in a cell-free system, and the polypeptide synthesized in these monolayer lines with the bulk of its carbohydrate removed, are not identical. The faster migration of the latter product may indicate the absence of some amino acid residues from the protein backbone that are present in Go. Sequencing data, in fact, confirm this interpretation (see Discussion).
The G synthesized by these monolayer lines after a short radioactive pulse migrates slightly faster than the G produced in the suspension line of CHO cells after short pulse labels ( Fig. 7 k and  l) . This is discussed below.
DISCUSSION
We have shown that, immediately after synthesis, the glycoprotein of VSV is found in a transmemo brane, asymmetric orientation in the microsomal membranes of the host cell, with its carboxyterminus exposed to the extracisternal face of the vesicles and with most or all of its amino-terminal peptides, and all or some of its carbohydrate, sequestered within the bllayer or lumen of the microsomes.
Preliminary sequencing data confirm these orientational assignments (V. Lingappa, F. Katz, H. F. Lodish, and G. Blobel, manuscript in preparation). The NH2-terminus of the intact, membraneinserted G~ molecule is preserved in its proteolytic derivative, G~. This further suggests that carboxyterminal residues exclusively are digested by trypsin from the exterior of membrane vesicles.
It is important to establish that the orientation of the isolated microsomal vesicles is the same as in the undisrupted cell. Several investigators have concluded, on the basis of ribosome (1) and enzyme localization (6), and freeze-fracture electron microscopy (9) , that the original cytoplasmiclumenal relationship is preserved after the conversion of the ER into microsomal vesicles. In experiments utilizing in vitro protein synthesis, this sidedness was established operationally by adding protein synthesis components exclusively to the exterior of the vesicles. As these vesicles are KATZ AND LODISH Biogenesis of the Vesicular Stomatitis Virus Glycoproteinimpermeable to protease (17), they are likely to be similarly impermeable to molecules of the same or greater molecular weight necessary to protein synthesis. This should mimic the behavior of the ER in whole ceils which has ribosomes and components for protein synthesis exclusively on the cytoplasmic side. Moreover, the accessibility of the M and NS proteins made in vitro to externally added protease indicates that no synthesis is taking place inside the vesicles. The congruity of the orientation of G molecules in microsomes isolated from pulse-labeled cells with those molecules synthesized in vitro indicates that no inversion in sidedness has occurred during isolation.
The protease-resistant fragment of G retains ~67% of the original methionine radioactivity contained in G before digestion. Some considerable loss of radioactivity would be expected because two or more major [aSS]met tryptic peptides are lost in the conversion to the proteolytic derivative. This suggests that most, if not all, molecules of G are oriented in the membranes in the same direction, and that proteases remove the same carboxyl fragment from all molecules, i.e., the G protein is oriented asymmetrically.
When microsomes are allowed to synthesize VSV proteins in vitro and are subsequently treated with protease, all VSV proteins are digested with the exception of the G derivative and a small amount of N protein. The persistence of N is not due to membrane protection since it is present even if detergents are added before the protease digestion. We believe that some N is bound in nucleocapsids and is configurationally inaccessible to digestion.
The persistence of some M protein in the presence of protease only in microsomes isolated from infected cells pulse-labeled in vivo (Fig. 1 ) may be due to either or both of two possibilities. First, M is a soluble protein, and it may have been included inside the vesicles during vesicularization. Alternatively, it may be enclosed by budding virions since previous work (21) has indicated that labeled M protein is found in virions after a 10-min pulse. The mRNA for M protein is found mainly on free polyribosomes, but a small amount of M (and N and NS) mRNAs co-purify with membranes (27) . Indeed, microsomes will synthesize in vitro appreciably amounts of M, N, and NS proteins. However, all of these proteins, made by mircosomes in vitro, are completely accessible to proteases, and thus, no large part of these proteins can be sequestered by the microsomal membrane.
Most likely, the presence of N, NS, and M mRNAs in these microsomal preparations is an artifact.
If transmembrane proteins are indeed integrated into microsomal membranes by the same mechanisms that result in the secretion of secretory proteins into the microsomal lumen ("signal hypothesis") but the passage of the membrane protein is interrupted before the entire length of the molecule has passed through the membrane channel, one would predict that the amino-terminus would be found in the interior of the microsomal lumen, while the carboxyterminus would remain on the exterior (cytoplasmic) side of the membrane. The topology of G in microsomcs is consistent with this model.
The signal hypothesis (1) also postulates that the NH2-terminal sequences that direct secretory proteins to membranes are cleaved during the process of secretion into the lumen of the endoplasmic reticulum. Many examples of secretory proteins that are synthesized as larger, precursor forms in cell-free extracts from which membranes, and their associated enzymes, are absent have been found (4, 5, 7, 18, 20, 29, 40, 42, 43) . When G protein is inserted into membranes, it is simultaneously glycosylated (36) , and the presence of carbohydrate constituents could easily obscure any proteolytic cleavage of the backbone. When G is treated with Endo H, however, the bulk of the carbohydrate is removed, leaving only two NAcglc residues per molecule. This enables us to compare the amino acid backbones of G~ and the unglycosylated form of G, Go, more directly. We make the assumption that Go represents the complete polypeptide product of the G mRNA. Although it is possible that Go represents a premature termination product and not the complete protein, the fact that Go is the major product of G mRNA in several cell-flee systems (2, 23, 30) and also contains (23) peptides now shown to be included in the carboxyterminal 5 % of the molecule strongly argues against this possibility.
When Go is coelectrophoresed on SDS-polyacrylamide gels with the Endo H-treated forms of G1 synthesized in vitro by microsomes (Fig. 3b) or isolated from the cytoplasm of infected cells grown in suspension culture (Fig. 3, lanes f and  g) , the two species appear to be of approximately the same molecular weight. However, when G is synthesized in a monolayer line of CHO, CHO m, or its ricin-resistant clone, 15B, and coelectropho-424 THE JOURNAL OF CELL BIOLOGY" VOLUME 80, 1979 resed with Go, it migrates faster than Go (Fig. 7) . It is possible that the presence of additional biochemical modifications, e.g. sulfafion (33) in suspension cells which do not occur in the monolayer line, may account for this discrepancy. It is of interest, in this regard, that Pinter and Compans (33) found that the G protein of VSV was labeled with ~SO4 -~ when virions were grown in monolayers of the MDBK line of bovine kidney cells, but not when they were grown in BHK21-F line of baby hamster kidney cells. The gel mobilities of the purified glycoproteins from these two lines are not identical. The sulfated, G appears to run slightly behind the nonsulfated glycoprotein. Indeed, the Endo H susceptible G1 form synthesized in suspension cells migrates more slowly than the Endo H susceptible form of G produced after a short pulse-label in monolayer cells (Fig. 7 k and  1) . We do not know, however, whether the glycoproteins produced in suspension and monolayer CHO cells are sulfated differently.
The observations on G1 synthesized in the monolayer lines suggest that G1 differs from Go in ways other than its carbohydrate structure. This difference might be due to biochemical modifications of Go (to increase its molecular weight) or, more likely, to proteolytic modification of G~ (to decrease its molecular weight), which is obscured in suspension culture by additional biochemical processing. Preliminary sequencing of the aminoterminus of both Go and G1 produced in a membrane-reassembly system (described in reference 19, using a reticulocyte lysate in place of wheat germ) strongly supports the latter interpretation. The Go form has additional amino acids at its amino-terminus that are absent in the G1 form, although when G1 produced in this system is treated with Endo H, it appears to comigrate with Go (V. Lingappa, F. Katz, H. F. Lodish, and G. Blobel, manuscript in preparation).
The prolonged Endo H susceptibility of G grown in 15B can be utilized to ask whether there are additional "late" proteolytic processing events in the evolution of the virion spike. We do not observe any change in gel migration of the Endo H product up to 50 min of chase. Experiments are now in progress to analyze the G molecules extracted from virions grown in 15B.
A comparison of the topology of membrane proteins in microsomes with that at the celt surface may provide insight into the mechanism of migration of membrane proteins to the cell surface from their sites of synthesis. If, as has been suggested for secretory proteins (32), a vesicle-fusion event occurs during this transport, one would expect the formerly intralurnenal aspect of proteins to be exposed on the exterior of cells. For the G protein this appears to be true, as suggested by the apparent inversion of mass distribution that occurs at the cell surface relative to the microsomes: virtually all G protein and all of the associated carbohydrate can be removed from the cell surface (22) or from mature virions (26, 31, 39) by the addition of externally added protease, while only 5% of the molecule and little, if any, of the carbohydrate, are digested from the exterior of microsomal vesicles. Although the precise orientation of G protein in plasma membranes is not yet known, it is of interest that the amino-terminus of glycophorin, a transmembrane glycoprotein of the erythrocyte membrane, is on the exterior of the cell, while its carboxyterminus is located on the interior (cytoplasmic) face of the plasma membrane (46) .
The characterization of the topology and immediate post-translational processing of a cell surface protein at its site of synthesis represents, we believe, novel and important observations which we hope will facilitate more detailed studies of membrane protein biogenesis.
